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Chapter 1

Introduction

1.1 XSPEC

XSPEC is a command-driven, interactive, X-ray spectral-fitting program. It is designed to be completely
detector-independent so that it can be used for any spectrometer. To our knowledge, X SPEC has been used to
analyze data from HEAO-1 A2, Einstein Observatory, EXOSAT, Ginga, ROSAT, BBXRT, ASCA, CGRO,
IUE, RXTE, Chandra, and XMM-Newton. It also has been used for ssmulations for Swift and Astro-E2.
This manual describes XSPEC v11.3, which we test build on Solaris 2.6/7/8, OSF 4.0, Mac Darwin 6.8,
Linux/GNU 2.95.3 on Intel and 2.95.4 on PowerPC.

The new user is advised to read Chapter 2, which introduces spectral fitting and the X SPEC approach,
Chapter 3, which gives an overview of the program commands, and Chapter 4, which contains walk-throughs
of XSPEC sessions. She should then experiment with XSPEC and, if necessary, look up individual com-
mands in Chapter 5, or descriptions of the spectral models in use, in Chapter 6. Some of the FTOOLS
that can operate on XSPEC files are listed in Chapter 7. XSPEC uses the PLT plotting package, which is
described briefly in Appendix A and in more detail in the “QDP/PLT User's Guide” (Tennant, 1989). Users
possessing X-ray spectra with small numbers of counts per bin are referred to Appendix B, which describes
the C-statistic option. Users interested in adding their own models can read how to do so in Appendix C.
The Tcl interface and X SPEC parser are described in Appendix D. Finally, Appendix E contains the recent
release history.

1.2 Newin Version 11.3

V11.3isanincremental release over V11.2.
The following list summarizes the major changes to XSPEC since the previous edition of the user’s
manual. Bug fixes are listed in Appendix E.

e Commands

— Added new option f or cecal ¢ on/ of f toxset to force calculation of the model for all
datasets.

— Added the following new options to t cl out : ftest, query, response, arf, backgrnd, xflt,
areascal, backscal, expos

— If st eppar isrun with a single parameter then followed by pl ot cont our a plot of
statistic vs. parameter value will be produced.

1



The model description written as part of the standard output at the end of a fit can now be
cut-and-pasted directly into the edi t nrod command.

The commands dat af i | e{n} and ar f {n} can now mean n-1th extension following the
first spectral extension. This only works for type | spectral extensions. If the first spectral
extension istype |1 then the commands have their usua interpretation as the nth spectrum in
the extension.

When using the C-statistic the command pl ot chi sqg now gives contributions to C shown
either +ve or -ve depending on the sign of data-model.

Thereisanew option to thecommand | og fi | enane to add to the filename a string giving
adate and time stamp.

e New Models

_>

o
o
o
o
o
o

aci sabs — the absorption due to the contamination on ACIS. Should only be used with
response matrices that do not have this effect included !

bkn2pow- athree-segment broken power-law.

expdec —simple exponential decay model.

nsa — neutron star H atmosphere model with different values of magnetic field.

pwab — absorption with a power-law distribution of covering fraction.

smaug — deprojection model for an extended an optically-thin source (eg a cluster).
xnmpsf —model to mix spectra between regions to take into account XMM-Newton PSF.

e Model changes

— The command xset APECROOT can now take an argument giving just the APEC version
number. The default has been updated to 1.3.1.

— Thepr oj ct model works correctly for multiple datasets.

— Themekal cooling flow models now come in two versions. The default version has avariable
number of emission measure stepsthat can be set using thecommand xset cf |l ow nt enps
followed by anumber. The old version of the models, which included a bug, are available by
setting xset cf |l ow.version 1.

e Generd

— Thei gnor e command runs much faster on spectra with big response matrices.

— The screen output from er r or now aso includes the parameter range in terms of plus and
minus difference from the best fit.

— The abundance tables have been extended to include all elements up to Zn.

— A new | odd abundance tables has been added for the solar photospheric abundances from
L odders 2003.

— The abundance table and cross-section in use have been added to ( aut 0) save.

— The default cosmology has been set to the “WMAP standard” of Hy = 70, A = 0.73 in aflat

Universe.

o Markov-Chain Monte Carlo



— Preliminary code for Markov Chain Monte Carlo is included. The chai n command runs
MCMC chains and the results can be displayed using pl ot ntnt. Thisisstill in the exper-
imental stage. At the moment it seemsto work reasonably well if afit is done then chains run
to generate the posterior probability distribution. The aim is to improve this so that it is not
necessary to first find the minimum.

1.3 How to contact us

XSPEC is distributed and maintained under the aegis of the GSFC High Energy Astrophysics Science

Archival Research Center (HEASARC). If you have any problems with X SPEC please e-mail us at
xanprob@athena.gsfc.nasa.gov

If you want to be added to our electronic mailing list for announcements of new releases then send mail to
listserv@athena.gsfc.nasa.gov

with the main body of the message comprising the line
subscribe XANADU Your Name

The XSPEC Web page comprises links to the anonymous ftp site, a Web version of the manual, and
several useful documents, including alist of known bugs. The Web address is

http://xspec. gsfc. nasa. gov/

1.4 Relationship to HEAsoft

HEAsoft is the amalgamated distribution of XANADU (which includes XSPEC) and FTOOLS. FTOOLS
contains general purpose tools for manipulating filesin FITS format. It also contains specialized tools for
spectral and response files, and mission-specific tools for dealing with the data products of particular X-Ray
satellites. Some of these tools are listed in Chapter 7. As well as being available as a standal one package,
XSPEC is aso distributed as part of the HEAsoft! package. If FTOOLS (V5.3) is already installed on your
system, XSPEC can be built with (or linked to) the libraries provided with it. If not, the (standalone) X SPEC
distribution package can be used to build those libraries. The FTOOL S package is available by anonymous
ftp from

ftp://1egacy. gsfc. nasa. gov.
Documentation for FTOOLS can be found at
http://heasarc.gsfc.nasa.gov/docs/software/ftools .

1.5 History

Thefirst version of XSPEC was writtenin 1983 at the Institute of Astronomy, Cambridge, under VAX/VMS
by Rick Shafer. It was written to perform spectral analysis of data from the ESA EXOSAT X-ray observa-
tory, which was launched that year. XSPEC is a descendant of a series of spectral-fitting programs written
at NASA/Goddard Space Flight Center for the OSO-8, HEAO-1 and Einstein Observatory missions. The
initial design was the fruit of many discussions between Rick Shafer and Andy Szymkowiak.

*htt p: // heasarc. gsf c. nasa. gov/ | heasoft



Rick Shafer subsequently joined the EXOSAT group, where he enhanced the VAX/VMSversion in col-
laboration with Frank Haberl. Meanwhile, Keith Arnaud ported X SPEC to a Sun/UNIX operating system.
The two implementations of XSPEC diverged for severa years until a determined and coordinated effort
was made to recover asingle version. The results of that effort was X SPECv6, described in the first edition
of this manual. Subsequent editions have covered later versions of the program.

In recent years X SPEC has become the de facto standard for X-ray spectroscopic analysis for the ROSAT
mission and the de jure standard for the BBXRT, ASCA, and RXTE missions. It is now in extensive use
for the Chandra and XMM-Newton missions. The HEASARC, which has supported the developement of
XSPEC since 1990, intends to use XSPEC for future missions as well as for those whose data has been
resurrected.

The most recent published account of XSPEC can be found in Arnaud, K.A., 1996, Astronomical Data
Analysis Software and Systems V, eds. Jacoby G. and Barnes J., p17, ASP Conf. Series volume 101.

1.6 Acknowledgements

This project would not have been possible without ignoring the advice of far more people than can be
mentioned here. Wewould like to thank all our colleagues for their suggestions, bug reports, and (especially)
source code. The GSFC X-ray astronomy group are particularly thanked for their patience exhibited while
functioning as the betatest site for new releases. Theinitial developement of X SPEC was funded by a Royal
Society grant to Prof. Andy Fabian and subsequent developement was partialy funded by the European
Space Agency’s EXOSAT project and now by the NASA/GSFC HEASARC.



Chapter 2

Spectral Fitting and XSPEC

2.1 Introduction

This chapter is comprised of a brief description of the basics of spectra fitting, their application in XSPEC,
and some helpful hints on how to approach particular problems.

2.1.1 The Basics of Spectral Fitting

Although we use a spectrometer to try to find out the spectrum of a source, what the spectrometer obtainsis
not the actual spectrum, but rather photon counts (C) within specific instrument channels, (). This observed
spectrum is related to the actual spectrum of the source (f(E)), such that:

o) = /0 " HE)R(I, E)dE

where R(I,E) is the instrumental response and is proportional to the probability that an incoming photon
of energy E will be detected in channel 1. Ideally, then, we would like to determine the actual spectrum
of a source, f(E), by inverting this equation, thus deriving f(E) for a given set of C(l). Regrettably, thisis
not possible in general, as such inversions tend to be non-unique and unstable to small changes in C(I).
(For examples of attempts to circumvent these problems see Blissett & Cruise 1979; Kahn & Blissett 1980;
Loredo & Epstein 1989).

The usua alternative isto try to choose a model spectrum, f(E), that can be described in terms of afew
parameters (i.e., f(E,pl,p2,...)), and match, or “fit” it to the data obtained by the spectrometer. For each
f(E), apredicted count spectrum (C, (1)) is calculated and compared to the observed data (C(1)). Then a “fit
statistic” is computed from the comparison, which enables one to judge whether the model spectrum “fits’
the data obtained by the spectrometer.

Themodel parametersthen are varied to find the parameter valuesthat give the most desirable fit statistic.
These values are referred to as the best-fit parameters. The model spectrum, (), made up of the best-fit
parameters is considered to be the best-fit model.

The most common fit statistic in use for determining the “best-fit” model is »?, defined as follows:

where o (I) is the error for channel | (e.g., if C(I) are counts then o(I) is usually estimated by/C/(I);
see e.g. Wheaton et.al. 1995 for other possibilities).
Once a " best-fit” model is obtained, one must ask two questions:

5



1. Firgt, one must ask how confident one can be that the observed C(I) can have been produced by the
best-fit model f,(E). The answer to this question is known as the “goodness-of-fit” of the model.

The y? statistic provides a well-known goodness-of-fit criterion for a given number of degrees of
freedom (v, which is calculated as the number of channels minus the number of model parameters)
and for a given confidence level. If y? exceeds a critical value (tabulated in many statistics texts)
one can conclude that f,(E) is not an adequate model for C(l). As a general rule, one wants the
“reduced x?” (x*/v) to be approximately equal to one (x> ~ v). A reduced x? that is much greater
than one indicates a poor fit, while areduced x? that is much less than one indicates that the errors on
the data have been over-estimated.

Even if the best-fit model (f,(£)) does pass the “goodness-of -fit” test, one still cannot say that f,(E)
is the only acceptable model. For example, if the data used in the fit are not particularly good, one
may be able to find many different models for which adequate fits can be found. In such a case, the
choice of the correct model to fit is a matter of scientific judgement.

2. Second, for a given best-fit parameter (pl), one must determine the range of values within which
one can be confident the true value of the parameter lies. The answer to this question gives one the
“confidence interval” for the parameter.

The confidence interval for a given parameter is computed by varying the parameter value until the
x? increases by a particular amount above the minimum, or “ best-fit” value.

The amount that the x? is allowed to increase (also referred to as the critical Ay?) depends on the
confidence level one requires, and on the number of parameters whose confidence space is being
calculated. The critical Ax? for common cases are given in the following table (from Avni, 1976):

Confidence Parameters
1 2 3
0.68 1.00 230 350
0.90 271 461 6.25
0.99 6.63 921 11.30

There is a good discussion of confidence ranges in Press et al., (1992) for readers who want more
detailst

2.2 The XSPEC implementation

To summarize the preceding section, the main components of spectral fitting are as follows:
1. The observed spectrum (C(1))

2. Theinstrumental response (R(l,E))
3. A model spectrum (f(E))

These components are used in the following manner:

1The precise reader should note that it is not correct to refer to a confidence interval as giving the probability of the true
parameter value being in a given range. Such a statement is not possible in classical statistics. What is true is that if we repeated
the experiment many times and calculated eg 90% confidence intervals then in 90% of the experiments the calculated confidence
interval would contain the true value of the parameter.



1. A parameterized model is created that one feels represents the actual spectrum of the source.
2. One then gives values to the model parameters.

3. Based on the parameter values given, one predicts the count spectrum that would be detected by the
spectrometer in a given channel for such amodel.

4. Then, one compares the predicted spectrum to the spectrum actually obtained by the instrument.

5. The values of the parameters of the model are manipulated until one finds the best fit between the
theoretical model and the observed data.

6. One then calculates the “goodness’ of the fit to determine how well the model explains the observed
data, and calculates the confidence intervals for the model’s parameters.

This section describes how X SPEC performs these tasks.

2.2.1 C(I): The Observed Spectrum

To obtain the observed spectrum (C(1)), for a given observation, XSPEC uses two files: the data file, and
the background file (for FITSfile format see Arnaud, George & Tennant 1992). The data file tells X SPEC

how many total photon counts were detected by the instrument in a given channel. XSPEC then uses the
background file to derive a background-subtracted C(l) in units of counts per second. The background is
scaled to the data by the ratio of the BACKSCAL values in the data and background files. It also is scaled
for exposure times (EXPOSURE keyword) and AREASCAL values. The background-subtracted count rate
isgiven by :

C(I) = D(I)/ap(I)/tp — (bp(I)/bp(I))B(I)/ap(I)/ts

where D(I) and B(I) are the counts in the data and background files; #;, and ¢ are the exposure timesin
the data and background files; bp (1) and bp (1) are the BACKSCAL values from the data and background
files; and ap (1) and ap (1) are the AREASCAL values from the data and background files

When this is done X SPEC has an observed spectrum to which the model spectrum can be fit.

2.2.2 R(l,E): The Instrumental Response

Before XSPEC can take a given set of parameter values and predict the spectrum that would be detected by
a given instrument, XSPEC must know the specific characteristics of the instrument. This information is
known as the detector response The response (R(I,E)), if you recall, is proportional to the probability that
an incoming photon of energy E will be detected in channel |. As such, the response is a continuous function
of E. This continuous function is converted to a discrete function by the creator of aresponse matrixwho
defines the energy ranges (F;) such that:

Ey
Ro(IJ)= [ " RULE)E/(E; - Byy)
J—1
XSPEC reads both the energy ranges, Ej, and the response matrix (Rp(I,J)) from aresponse file
(for FITS file format see George et a 1992%) in a compressed format that only stores non-zero elements.

2The FTOOL S distribution includes in the directory callib/src/genthe subroutinesr dpha2. f and wt pha2. f , which can be
used in programs reading and writing FITS-format spectral files

3The FTOOLS distribution includes in the directory callib/src/gen the subroutines r debd3. f, rdrnf 4. f, wt ebd3. f,
wt r nf 4. f , which can be used in programs reading and writing FITS format response files
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XSPEC aso includes an option to use an auxiliary response file (George et a 1992), which contains an
array Ap(J) that XSPEC multipliesinto Rp (!, J) asfollows:

Rp(I,J) — Rp(I,J) « Ap(J)

Conventionally, the response isin units of cn¥.

2.2.3 f(E): The Model Spectrum

The model spectrum, f(E), is calculated within X SPEC using the energy ranges defined by the response file

E;
fol0) = [ p(ENE
Ej_1
and isin units of photons/cn?/s. X SPEC allows the construction of composite models consisting of additive
components (e.g., power-laws, blackbodys, and so forth), and multiplicative components, which modify
additive components by an energy-dependent factor (e.g., photoelectric absorption, edges, ...). Convolution
and mixing models can then perform sophisticated operations on the result. Models can be defined in
algebraic notation. For example, the following expression:

phabs(power + phabs(bbody))

defines an absorbed blackbody (phabs (bbody)) added to a power-law (power). The result then is modified
by another absorption component (phabs).
For amore detailed explanation of models, see Chapter 6.

2.2.4 Fits and Confidence Intervals

Once data have been read in and a model defined, X SPEC uses a modified L evenberg-Marquardt algorithm
(based on CURFIT from Bevington, 1969) to find the best-fit values of the model parameters. The algorithm
used isalocal one, so the user should be aware that it is possible for thefitting process to get stuck in alocal
minimum and not find the global best-fit. The process also goes much faster (and is more likely to find the
true minimum) if the initial model parameters are set to sensible values.

At the end of afit, XSPEC will write out the best-fit parameter values, along with estimated confidence
intervals. These confidence intervals are one sigmaand are calculated from the derivatives of the fit statistic
with respect to the model parameters. However, the confidence intervals are not reliable and should be used
for indicative purposes only.

XSPEC has a separate command (er r or or uncert ai nty) to derive confidence intervals for one
interesting parameter, which it does by fixing the parameter of interest at a particular value and fitting for all
the other parameters. New values of the parameter of interest are chosen until the appropriate delta-statistic
value is obtained. XSPEC uses a bracketing algorithm followed by an iterative cubic interpolation to find
the parameter value at each end of the confidence interval.

To compute confidence regions for several parameters at atime XSPEC runs a grid on these parameters.
XSPEC aso will display a contour plot of the confidence regions of any two parameters.

4The FTOOL Sdistribution includes in the directory callib/src/genthe subroutines r dar f 1. f andwt ar f 1. f, which can be
used in programs reading and writing FITS format auxiliary response files
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2.3 Helpful Hints

2.3.1 Scripts and the Save command

One can write XSPEC commandsinto afile and have them executed by entering @ i | enamne at the XSPEC
prompt. Also, one may enter from the shell prompt

% xspec - filenane &

for batch execution (remember to end the script infilef i | ename with exi t if you want the program
to terminate after completion!). Note that the default suffix for xspec scriptsis. xcm

The save command writes out a file of XSPEC commands, which, when run, will restore XSPEC to
the state it was in when the save command was issued. This command is very useful when reading a
large number of data sets and/or fitting complicated models. If autosaving is operating (the default) then the
equivalent of save al | xaut osav. xcmisrun after each command, so if adisaster occursit ispossible
to recover.

2.3.2 How to return to the XSPEC> prompt

The string /* acts as an emergency escape back to the XSPEC prompt. If one gives this string in answer to
any question then one should be bounced out of whatever one is doing and returned to the X SPEC prompt.
Counterexamples to this should be sent to xanprob@athena.gsfc.nasa.gov.

2.3.3 Simulations

If one has aresponse file for an instrument and wants to make some fake spectra, then the command f akei t
none should be used. XSPEC will prompt the user for the response and ancillary filenames from which to
build the simulated data. It isimportant to note that one must define a model prior to issuing the f akei t
command.

2.3.4 Plotting Devices and Hardcopy

XSPEC uses the PGPLOT package, which comes with a standard set of device drivers. Any X-windows
terminal should support /xw while xterm windows should support /xt.

The easiest way of making a hardcopy of an XSPEC plot isto use thei pl ot command and then at the
PLT prompt to enter har d / ps. Thiswill make afile called pgpl ot . ps which can be printed.

2.3.5 Data groups

The most common use of XSPEC is to fit one or more data sets with responses to a particular model.
However, it is often useful to be able to fit simultaneously several data sets with a model whose parameters
can be different for each data set. A simple example would be a number of data sets that we expect to have
the same model spectrum shape but different normalizations. X SPEC caters to this need through the use of
data groups. When files are read in they can be labelled as belonging to a particular data group. When a
model is defined a set of model parameters is allocated for each data group. These parameters can all vary
freely or they can be linked together across data groups as required.
To set up data groups, the dat a command should be given asin the following example :

XSPEC> data 1:1 filel 1:2 file2 2:3 file3
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which sets up two data groups. The first data group comprises data sets from filel and file2, and the
second data group takes the data set from file3. Now when amodel is defined, X SPEC will give two sets of
model parameters, one for the first datagroup and one for the second.

2.3.6  What to do when you have small numbers of counts

The x? statistic assumes that all the spectral channels are Gaussian distributed and that the estimate for the
variance is uncorrelated with the observed counts. If there are small numbers of counts in a channel these
will not be true. An aternative statistic, the C-statistic, can be used in this case. The C-statistic now in use
does provide a goodness-of-fit if there are enought counts and this can be checked using the goodness
command which uses Monte Carlo methods. This C-statistic can also provide confidence intervalsin exactly
the same way as x?. So give the command st at cst at and thenusethefit ander r or commands as
usual. An aternative approach is to continue using the ¥ statistic but change the weighting to provide a
better estimate of the variance in the small number limit. This can be done using the wei ght gehrel s
orwei ght Chur azov commands. The latter isto be preferred.

2.3.7 Binning and Grouping data

Often one does not want to use the full resolution of a spectrum, either because the channels oversample
the spectral resolution or because the SIN islow. XSPEC and the associated programs provide a number
of ways of handling this. Firstly, the XSPEC set pl ot rebi n command can be used to add channels
together in the plot. It isimportant to realise that this effects only the plot and not the data being fitted.
Two FTOOL S are available to bin and group data for fitting purposes. RBNPHA bins up the data in a non-
reversible manner and should only be used to ensure that the number of binsin the spectrum is the same as
that in the response. GRPPHA is the tool of choice for grouping the data to get adequate S/N or number
of counts in each channel. GRPPHA does not actually add together channels, but instead sets a flag which
is read by XSPEC and causes XSPEC to sum the appropriate channels. If a data file is read with some
grouping then X SPEC will apply the same operation to any background or response files used.

2.3.8 How to shut XSPEC up (somewhat)

Thefit command in XSPEC will run a certain number of iterations and then query the user whether he
or she wants to continue. While useful under most circumstances, the constant questioning can be a pain
if one leaves X SPEC running and expects to find it finished when one gets back, or if one habitually runs
scripts. One way around this problem is to reset the number of iterations before the question is asked by
giving a single argument on the f i t command. For example, fit 100 will run 100 iterations before
asking a question. A more drastic solution is to use the quer y command. query yes will suppress all
guestions and assume that their answer isyeswhile query no will suppress all questions but assume that
their answer is no.
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Chapter 3

An overview of XSPEC

3.1 Command syntax

XSPEC is a command-driven, interactive program. The user will see a prompt whenever input is required.
If the user is uncertain about how to respond to a particular prompt, typing ? usually will produce alist of
valid responses.

XSPEC is designed to alow complicated, multi-instrument analysis, so most commands can take ar-
guments specifying more than one data set. Arguments in XSPEC may be separated by either blanks or
commeas.

A single argument can define a range. The ranges are delimited by a dash (). A colon (:) is used to
separate ranges (e.g., the phrase 1-2:11-24 refers to channels 11-24 in files 1 and 2).

Operating-system commands can be given from within XSPEC either by giving the command name
or exec conmand. A set of XSPEC commands in a file can be input using @i | enane. Note that
al commands can be abbreviated to unigue strings when operating in interactive mode but in scripts al
commands must be specified in full. Command recall and inline editing are available.

XSPEC uses Tcl asits user interface, providing looping, conditionals, filei/o and so on. The command
t cl out can be used to pass internal X SPEC data to the Tcl level. Any Tcl scripts placed in the directory
$XSPEC_HOME are auto-mounted at start-up allowing the user to create their own X SPEC commands.

3.2 Reading data

XSPEC reads in spectra from spectral files using the dat a command. Several datasets may be specified in
one command. Several datasets may be stored in asingle file and accessed separately. A particular data set
in use may be replaced by another or dropped entirely. The input data file contains pointers to background,
redistribution and auxiliary response files, but these pointers may be overridden by the back, r esp, and
ar f commands. All these commands have the same syntax as dat a. PHA channels may be left out of
fitting using the i gnor e command and included again using the not i ce command. These commands
have a syntax alowing the same channels to be specified for more than one input file. The ignore and
noticed ranges can be specified either as channels or as energies. An auxiliary background file, called the
correction file, also can be included using the cor f i | e command. Its use is described in the section on
fitting. The current response can be replaced by adiagonal version using di agr sp.
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3.3 Defining models

XSPEC alows users to fit data with models constructed from individual components. These components
may be either additive, multiplicative, mixing, or convolution. Multiplicative components multiply the
model by an energy-dependent factor. Mixing components link models for different datagroups. Cornvo-
lution models modify the current model. Multiplicative, mixing, and convolution components can act on
individual components, on groups of components, or on the entire model. Thenodel command defines the
model to be used and prompts for the starting values of its parameters. The user also can set the alowed
range of the parameter. One parameter can be fixed to be a multiple of another or to be another plus a
constant. Parameters can be unlinked using the unt i e command.

Thevalue of anindividual parameter can be changed with the command newpar . Notethat newpar 0
will print out the current parameter values. Parameters can be fixed at their current value with thef r eeze
command and allowed to vary freely with the t haw command. Individual components can be added or
subtracted from the model using addconp, del conp, and edi t nod. Model components can be defined
interactively using ndef i ne.

The plasma emission and photoel ectric absorption models require an assumption about relative elemen-
tal abundances. These relative abundances can bereset using abund. xsect can be used to switch between
different compilations of photoelectric absorption cross-sections.

3.4 Fitting

The basic fit command is called fit. This command performs a minimization using the Levenberg-
Marquardt algorithm. f i t can take two arguments, those being 1) the number of iterations to be performed
before the user is asked whether to continue; and 2) the change in fit statistic that defines convergence.
The fit statistics available within XSPEC are the x? and C statistics: the st at i sti ¢ command specifies
which one is to be used. The bayes command sets up Bayesian inference. Other fit-minimization algo-
rithms are available, and can be selected using the met hod command. A genetic algorithm isincluded and
its operations controlled by the genet i ¢ command. For non-background-subtracted data the goodness
command does a Monte Carlo calculation of the goodness-of-fit. The weighting algorithm used to calculate
x? can be altered by the wei ght command. A systematic model uncertainty can be included using the the
syst emat i ¢ command. If the CERN library is linked in then the command i npr ove can be used to try
to check whether the minimum found islocal or global.

The error or uncertai n command calculates error bounds for one interesting parameter for the
specified parameters and confidence levels. To produce multi-dimensional errors the st eppar command
is used to generate a fit-statistic grid. Two-dimensional grids may be expressed as contour plots (using
pl ot cont our). The model normalization can be set using the r enor mcommand. The normalization
of the correction file background can be set with cor nor m and can be set to minimize the fit statistic with
recor nor m The gain of the response matrix can be adjusted using the gai n command, which includes
an option to fit for the gain. f t est provides calculation of F-test values and probabilities.

3.5 Plotting

XSPEC plotting is performed using the PLT interface. There are two basic commands. pl ot andi pl ot .
The pl ot command makes a plot and returns the user to the XSPEC prompt, while thei pl ot command
leaves the user in the interactive plotting interface, thus alowing the user to edit the plot. A variety of
different quantities may be plotted, including the data and the current model; the integrated counts; the fit
residuas; the ratio of datato model; the contributions to the fit statistic; the theoretical model; the unfolded
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(incident) spectrum; the detector efficiency; and the fit-statistic contours. All data plots can have an x-axis
of channels, energy, or wavelength, which are specified with set pl ot channel , set pl ot ener gy,
set pl ot wavel engt h respectively. The plotting device to be used is set using set pl ot devi ce or
cpd. Separate spectra may be added together and channels binned up (for plotting purposes only) using
setpl ot group and set pl ot rebin. Thereis an option to plot individual additive model compo-
nents on data plots, thisoption isenabled by set pl ot add and disabled by set pl ot noadd. LinelDs
can be plotted using set pl ot i d and turned off by set pl ot noi d. A stack of PLT commands can
be created and manipulated with set pl ot command, set pl ot del et e,andset pl ot 1i st. This
command stack then is applied to every plot. A hardcopy plot can be created by issuing the command har d
/ ps at the PLT prompt.

3.6 Getting help

XSPEC has an interactive help facility that is accessed using the hel p command. Help on individual
commands is available using hel p conmmands and on models using hel p nodel . If you need further
help or want to send us a suggestion then send mail to

xanprob@athena.gsfc.nasa.gov

3.7 Simulated data

Thef akei t command isused to generate simulated data. The current response matrix and model (a model
must be defined prior to using the fakeit command) are used to create fake data. The user is prompted for
various options. To make fake data when only a response matrix is available, give the command f akei t
none.

3.8 Fluxes, luminosities, equivalent widths, and line IDs

Thef | ux command cal culates the flux from the current model in the given energy range. Thisenergy range
should be within that defined by the current response matrix. If alarger energy range is required, then the
dumyr sp command should be given. If this command is used, the user should reset the response matrix
using r esp before returning to fitting, or incorrect results will be generated.

The | um n command calculates the luminosity for the source redshift given. The cosmologica pa
rameters used to calculate luminosity are changed with the cosnb command. The eqwi dt h command
determines the equivalent width of a model component, usually aline. The command t hl eqw calculates
the expected equivalent width for a fluorescence line of specified yield. The user of either of these last two
commands should read the help descriptions carefully.

The command addl i ne can be used to automatically add lines to a model. These can be identified
usingi dent i fy and nodi d.

3.9 Miscellaneous

XSPEC retains a memory of previous commands. These commands can be reviewed or rerun using the
hi st ory and! n commands. A log of the session can be written to an ASCII fileusing thel og command.

A more complete description of the session can be written to a binary file using the xhi st ory com-
mand. The dunp command writes the current data and model into the history file. The amount of output
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that XSPEC writes is set by the chat t er command, which takes two arguments applying to the terminal
and to the log file.

Information on the current XSPEC status can be printed out using the show command. The save
command writes the current XSPEC status to a command file, which later can be run to reset XSPEC
to the same configuration. XSPEC has a mechanism to automatically save the current status and this is
controlled through the aut osave command. During the fitting procedure, X SPEC sometimes will ask the
user whether he or she wishesto continue. This question can be suppressed with the quer y command. The

t i me command writes out system-timing information. Finally, XSPEC can be terminated with the exi t
or qui t commands.
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Chapter 4

Walks through XSPEC

4.1 Introduction

This chapter demonstrates the use of XSPEC. The brief discussion of data and response filesis followed by
fully-worked examples using real data that include all the screen input and output with a variety of plots.
The topics covered are as follows: defining models, fitting data, determining errors, fitting more than one
set of data simultaneously, simulating data, and producing plots.

4.2 Brief Discussion of XSPEC Files

At least two files are necessary for use with XSPEC: a data file and a response file. In some cases, a
file containing background may also be used, and, in rare cases, a correction file is needed to adjust the
background during fitting. If the response is split between an rmf and an arf then an ancillary response fileis
also required. However, most of the time the user need only specify the datafile, as the names and locations
of the correct response and background files should be written in the header of the data file by whatever
program created the files.

4.3 Fitting Models to Data: An Example from EXOSAT

The 6-s X-ray pulsar 1E1048.1-5937 was observed by EXOSAT in June 1985 for 20 ks. In this example,
we'll conduct agenera investigation of the spectrum from the Medium Energy (ME) instrument, i.e. follow
the same sort of steps as the original investigators (Seward, Charles & Smale,1986). The ME spectrum and
corresponding response matrix were obtained from the HEASARC On-line service.

Onceinstaled, XSPEC isinvoked by typing xspec, asin this example.

Yxspec
Xspec 11.1.0 21:50: 14 08-Jul -2001
For docunentation, notes, and fixes see http://xspec.gsfc. nasa.gov/
Pl ot device not set, use "cpd" to set it

Type "hel p" or "?" for further informtion
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XSPEC>dat a s54405. pha
Net count rate (cts/s) for file 1 3.783 +/- 0.1367
usi ng response (RWF) file... s54405. rsp
1 data set is in use

The dat a command tells the program to read the data as well as the response file that is named in the
header of the datafile. In general, X SPEC commands can be truncated, provided they remain unambiguous.
Since the default extension of a data file is. pha, and the abbreviation of dat a to the first two letters is
unambiguous, the above command can be abbreviated to da s54405, if desired. To obtain help on the
dat a command, or on any other command, type hel p command followed by the name of the command.

One of the first things most users will want to do at this stage—even before fitting models—is to look
at their data. The plotting device should be set first, with the command cpd (change plotting device). Here,
we use the pgplot X-Window server, /xw.

XSPEC> cpd / xw

To see alist of alternative plot devices, type cpd ? There are more than 20 different things that can be
plotted, all related in some way to the data, the model, the fit and the instrument. To see them, type:

XSPEC> plot ?
Choose fromthe following ‘plot’ sub-conmands:

data counts | dat a resi dual s chi sq del chi ratio
sunmmary nodel enodel eenodel cont our efficien ufspec
euf spec eeuf spec dem insensitv sensitvty genetic fol dnodel
i counts

Insert selection: (data)

The most fundamental is the data plotted against instrument channel (dat a); next most fundamental,
and more informative, is the data plotted against channel energy. To do this plot, use the X SPEC command
set pl ot ener gy. Figure A shows the result of the commands:

XSPEC> set pl ot energy
XSPEC> pl ot data

People familiar with EXOSAT ME data will recognize the spectrum to be soft, absorbed and without an
obvious bright iron emission line.

We are now ready to fit the data with a model. Models in XSPEC are specified using the nodel
command, followed by an algebraic expression of a combination of model components. There are two
basic kinds of model components: additive which represent X-Ray sources of different kinds. After being
convolved with the instrument response, the components prescribe the number of counts per energy bin
(e.g., abremsstrahlung continuum); and multiplicative models components, which represent phenomena that
modify the observed X-Radiation (e.g. reddening or an absorption edge). They apply an energy-dependent
multiplicative factor to the source radiation before the result is convolved with the instrumental response.

More generally, XSPEC alows three types of modifying components: convolutions and mixing mod-
els in addition to the multiplicative type. Since there must be a source, there must be least one additive
component in a model, but there is no restriction on the number of modifying components. To see what
components are available, type nodel ?:
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Figure A: Theresult of the command pl ot dat a when the data
filein question isthe EXOSAT ME spectrum of the 6-s X-ray pul-
sar 1E1048.1-5937 available from the HEASARC on-line service.

XSPEC>nodel ?

Possi bl e additive nodels are

apec bbody bbodyrad bexrav bexriv bknpower bnt
c6nekl céprmekl c6pvnkl c6vnekl cenekl cevnkl cfl ow
compLS  conpST compTT cutof fpl disk di skbb di skl i ne
di sko di skpn equi | gaussi an gnei grad gr bm
lorentz neka nmekal mkcfl ow nei npshock nteea
pexr av pexri v pl cabs power | aw posm pshock raynmond
refsch sedov srcut sresc step vapec vbrenss
vgnei vireka virekal viecfl ow  vnei vnpshock vpshock
vsedov zbbody zbremss zgauss zpower | w at abl e

Possible multiplicative nodels are

absori const ant cabs cycl abs dust edge expabs
hi ghecut hrefl not ch pcf abs phabs pl abs redden
spl i ne SSS ice TBabs TBgrain TBvarabs uvred var abs
wabs wndabs Xi on zedge zhi ghect zpcfabs zphabs
zvarabs zvfeabs zvphabs zwabs zwndabs ntabl e etabl e
Possi bl e mi xi ng nodel s are

ascac proj ct

Possi bl e convol uti on nodel s are

gsnooth |smooth reflect

Possi bl e pile-up nodels are

pi | eup
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For information about a specific component, type hel p Model s followed by the name of the compo-
nent):

XSPEC>hel p Model s raynond

XSPEC_11.1_comuands
Model s
raynond

An eni ssion spectrumfromhot diffuse gas based on the nodel cal cul ati ons of
Raynmond and Smith including Iine enmi ssion fromseveral elenents. This node
interpolates on a grid of spectra for different tenperatures. The grid is
logarithmically spaced with 80 tenperatures ranging from0.008 to 80 keV.

par 1 = plasma tenperature in keV

par 2 = Metal abundances (He fixed at cosnic) The el enents
included are C, N, O Ne, My, Si, S, Ar, Ca, Fe, N and
their relative abundances are set by the abund conmmand.

par 3 = redshift, z

K = 10**-14 / (4 pi (D L/(1+z))**2) Int n_e n_HdV, where DL is
the lum nosity distance to the source (cm, n_e is the electron
density (cm*-3), and n_His the hydrogen density (cnt*-3)

hel p>

Given the quality of our data, as shown by the plot, we'll choose an absorbed power law, specified as
follows:

XSPEC> nodel phabs(power | aw)
Or, abbreviating unambiguously:
XSPEC> no pha( po)

The user isthen prompted for theinitial values of the parameters. Entering <r et ur n> or/ inresponse
to aprompt uses the default values. We could also have set al parameters to their default values by entering
[ * at the first prompt. Aswell as the parameter values themselves, users also may specify step sizes and
ranges (val ue,del ta, m n,bot,t op,and max val ues), but here, we'll enter the defaults:

XSPEC>no pha( po)

Model :  phabs[ 1] ( powerl aw 2] )
| nput paranmeter value, delta, min, bot, top, and nmax val ues for .
Current: 1 0. 001 0 0 1E+05 1E+06
phabs: nH>/ *

Model :  phabs[ 1] ( powerl aw 2] )

Model Fit Mobdel Conmponent Paranmeter Unit Val ue

par par conp
1 1 1 phabs nH 10" 22 1. 000 +/ - 0.
2 2 2 power| aw  Phol ndex 1. 000 + - 0
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3 3 2 powerlaw norm 1. 000 + - 0.

Chi - Squared = 4. 8645994E+08 usi ng 125 PHA bi ns.
Reduced chi -squared = 3987376. for 122 degrees of freedom
Nul | hypot hesis probability = 0.

Note that most of the other numerical values in this section are have changed from those produced
by earlier versions. Thisis because the default photoelectric absorption cross-sections have changed since
XSPEC V.10. To recover identical results to earlier versions, use xsect obcm bent is the default; see
hel p xsect for details).

TheCurrent statisticisy?andishugefortheinitial, default values—mostly because the power
law normalization is two orders of magnitude too large. Thisis easily fixed using the r enor mcommand :

XSPEC> renorm

Chi - Squared = 852. 1660 usi ng 125 PHA bi ns.
Reduced chi -squared = 6. 984967 for 122 degrees of freedom
Nul | hypot hesis probability = 0.

We are not quite ready to fit the data (and obtain a better %), because not al of the 125 PHA bins
should be included in the fitting: some are below the lower discriminator of the instrument and therefore do
not contain valid data; some have imperfect background subtraction at the margins of the pass band; and
some may not contain enough counts for %2 to be strictly meaningful. To find out which channels to discard
(ignorein XSPECterminology), users must consult mission-specific documentation, which will inform them
of discriminator settings, background subtraction problems and other issues. For the mature missionsin the
HEASARC archives, this information already has been encoded in the headers of the spectral filesasalist
of “bad” channels. Simply issue the command:

XSPEC> i gnor e bad

Chi - Squared = 799. 7109 usi ng 85 PHA bi ns.
Reduced chi -squared = 9. 752572 for 82 degrees of freedom
Nul | hypot hesis probability = 0.

XSPEC> set pl ot chan
XSPEC> pl ot data

We can see that 40 channels are bad—but do we need to ignore any more? These channels are bad
because of certain instrument properties. other channels still may need to be ignored because of the shape
and brightness of the spectrum itself. Figure B shows the result of plotting the data in channels (using the
commandsset pl ot channel andpl ot dat a). We see that above about channel 33 the S/N becomes
small. We also see, comparing Figure B with Figure A, which bad channels were ignored. Although visual
inspection is not the most rigorous method for deciding which channels to ignore (more on this subject
later), it's good enough for now, and will at least prevent us from getting grossly misleading results from the
fitting. To ignore channels above 33:

XSPEC> i gnore 34-**

Chi - Squared = 677.6218 usi ng 31 PHA bi ns.
Reduced chi -squared = 24.20078 for 28 degrees of freedom
Nul | hypot hesis probability = 0.

The same result can be achieved with the command i gnor e 34-125. The inverse of i gnor e is
not i ce, which has the same syntax.
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data and folded model
s54405.pha

—4

1074 1.5x10

normalized counts/sec/chan

5x107°

channels

Figure B: The result of the command pl ot dat a after the com-
mand i gnor e bad on the EXOSAT ME spectrum 1E1048.1—
5937.

We are now ready to fit the data. Fitting isinitiated by the command f i t . Asthefit proceeds, the screen
displays the status of the fit for each iteration until either the fit converges to the minimum », or the user is
asked whether the fit is to go through another set of iterations to find the minimum. The default number of
iterations is ten.

XSPEC>T i t
Chi - Squar ed Lvl Fit param# 1 2 3
204. 136 -3 7.9869E-02 1.564 4. 4539E- 03
84. 5658 -4 0. 3331 2.234 1. 0977E- 02
30. 2511 -5 0. 4422 2.174 1. 1965E- 02
30. 1202 -6 0. 4648 2.196 1. 2264E- 02
30. 1189 -7 0. 4624 2.195 1. 2244E- 02
Variances and Principal axes :
1 2 3
4.14E-08 | 0.00 -0.01 1.00
8.70E-02 | -0.91 -0.41 -0.01
2.32E-03 | -0.41 0.91 0.01
Model :  phabs[ 1] ( powerl aw 2] )
Model Fit Model Conponent Paranmeter Unit Val ue
par par conp
1 1 1 phabs nH 10" 22 0. 4624 +/- 0.2698
2 2 2 power| aw  Phol ndex 2.195 +/- 0.1288
3 3 2 powerlaw norm 1.2244E-02 +/- 0.2415E-02
Chi - Squared = 30. 11890 usi ng 31 PHA bi ns.
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data and folded model

$54405.pha
—

1.5x107%

10

5

normalized counts/sec/chan
- —4

2x107°0

residuals

—2x107°0

L 1 L L L 1 L L L L 1 L L L L 1 L L L L L L
5 10 15 20 25
channels

] ;
tf o, T |
HA T e

Figure C: The result of the command pl ot dat a with: the ME
data file from 1E1048.1-5937; “bad” and negative channels ig-
nored; the best-fitting absorbed power-law model; the residuals of
the fit.

Reduced chi -squared = 1. 075675 for 28 degrees of freedom
Nul | hypot hesis probability = 0.358

Thefit is good: reduced x? is 1.075 for 31 — 3 = 28 degrees of freedom. The null hypothesis probability
is the probability of getting a value of ¥? as large or larger than observed if the model is correct. If this
probability is small then the model is hot agood fit. The matrix of principal axes printed out at the end of a
fit provides an indication of whether parameters are correlated (at least local to the best fit). In this example
the powerlaw norm is not correlated with any other parameter while the column and powerlaw index are
dightly correlated.

To see the fit and the residuals, we use the command

XSPEC>pl ot data resid

Theresult is shown in Figure C.

The screen output shows the best-fitting parameter values, as well as approximations to their errors.
These errors should be regarded as indications of the uncertainties in the parameters and should not be
guoted in publications. Thetrue errors, i.e. the confidence ranges, are obtained using theer r or command.:

XSPEC>error 1 2 3

Par aret er Confi dence Range ( 2.706)
1 3. 254765E- 02 0.932778
2 1.99397 2. 40950

*WARNI NG* : RENORM
*WARNI NG* : RENORM
*WARNI NG* : RENORM
*WARNI NG* : RENORM
*WARNI NG* : RENORM
*WARNI NG* : RENORM

vari able model to allow renormalization
vari able nmodel to allow renormalization
vari able model to allow renormalization
variabl e nodel to allow renornmalization
vari abl e nodel to allow renornmalization
variabl e nodel to allow renornmalization

6666868
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*WARNI NG* : RENORM
*WARNI NG* : RENORM

vari able model to allow renormalization

vari able model to allow renormalization

*WARNI NG* : RENORM variabl e nodel to allow renornmalization

*WARNI NG* : RENORM variabl e nodel to allow renornmalization
3 8. 942987E- 03 1.711637E-02

666

Here, the numbers 1, 2, 3 refer to the parameter numbers in the Model par column of the screen
output. For the first parameter, the column of absorbing hydrogen atoms, the 90% confidence range is
3.0 x 10 < Ny < 8.6 x 10%' cm~2. This corresponds to an excursion in x? of 2.706. The reason
these “better” errors are not given automatically as part of the f i t output is that they entail further fitting.
When the model issimple, this does not require much CPU, but for complicated models the extratime can be
considerable. Thewarning message is generated because there are no free normalizations in the model while
the error is being calculated on the normalization itself. In this case, the warning may safely be ignored.

What else can we do with the fit? One thing is to derive the flux of the model. The data by themselves
only give the instrument-dependent count rate. The model, on the other hand, is an estimate of the true
spectrum emitted. In XSPEC, the model is defined in physical units independent of the instrument. The
command f | ux integrates the current model over the range specified by the user:

XSPEC> flux 2 10
Model flux 3.5496E-03 photons ( 2.2492E-11 ergs)cnt*-2 s**-1 ( 2.000- 10.000)

Here, we have chosen the standard X-ray range of 2—-10 keV and find that the energy flux is2.2 x 107!
ergcm~—2 s, Notethat f | ux will integrate only within the energy range of the current response matrix. |f
the model flux outside thisrange is desired—in effect, an extrapolation beyond the data—then the command
dummyr sp should be used. This command sets up a dummy response that covers the range required. For
example, if we want to know the flux of our model in the ROSAT PSPC band of 0.2-2 keV, we enter:

XSPEC>dumy 0.2 2.

Chi - Squared = 3583. 779 usi ng 31 PHA bi ns.
Reduced chi -squared = 127. 9921 for 28 degrees of freedom
Nul | hypot hesis probability = 0.

XSPEC>f lux 0.2 2.
Model flux 4.5306E-03 photons ( 9.1030E-12 ergs)cnt*-2 s**-1 ( 0.200- 2.000)

The energy flux, at 9.1 x 10~ ergcm~2 s~!, islower in this band but the photon flux is higher. To get
our origina response matrix back we enter :

XSPEC> response
Chi - Squared = 30. 11890 usi ng 31 PHA bi ns.
Reduced chi -squared = 1. 075675 for 28 degrees of freedom
Nul | hypot hesis probability = 0.358

The fit, as we've remarked, is good, and the parameters are constrained. But unless the purpose of our
investigation is merely to measure a photon index, it's agood idea to check whether alternative models can
fit the data just as well. We also should derive upper limits to components such as iron emission lines and
additional continua, which, although not evident in the data nor required for a good fit, are nevertheless
important to constrain. First, let’s try an absorbed black body:

XSPEC>no pha( bb)

Model :  phabs[ 1] ( bbody[ 2] )
| nput paraneter value, delta, mn, bot, top, and nmax val ues for
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Current: 1 0. 001 0 0 1E+05 1E+06
phabs: nH>/ *
Model :  phabs[ 1] ( bbody[ 2] )
Model Fit Mbdel Conmponent Paranmeter Unit Val ue
par par conp
1 1 1 phabs nH 10" 22 1. 000 +/ - 0.
2 2 2 bbody kT keV 3. 000 +/ - 0.
3 3 2 bbody norm 1. 000 + - 0.
Chi - Squared = 3.3142067E+09 usi ng 31 PHA bi ns.

Reduced chi - squar ed 1. 1836453E+08 f or 28 degrees of freedom

Nul | hypot hesis probability = 0.
XSPEC> i t
Chi - Squar ed Lvl  Fit param# 1 2 3
1420. 96 0 0.2116 2.987 7. 7666E- 04
1387.72 0 4. 4419E- 02 2.975 7. 7003E- 04
1376. 39 0 4. 3009E- 03 2. 963 7. 6354E- 04
1371. 67 0 1. 8192E-03 2.951 7.5730E- 04
1367. 04 0 5.8100E-04 2.939 7.5130E-04
1362. 47 0 1. 9059E-04 2.926 7. 4548E- 04
1357. 84 0 6. 1455E- 05 2.913 7. 3982E- 04
1353. 14 0 2. 5356E- 05 2.900 7. 3429E- 04
1348. 36 0 6. 7582E- 06 2. 887 7. 2885E- 04
1343. 50 0 2.0479E- 06 2.874 7. 2350E- 04
Nunber of trials exceeded - last iteration delta = 4.861
Continue fitting? (Y)y
113. 954 0 0. 0. 8907 2. 7865E- 04
113. 954 -1 0. 0. 8905 2. 7859E- 04
113. 954 4 0. 0. 8905 2. 7859E- 04
Vari ances and Principal axes :
2 3
2.88E-04 | -1.00 0.00
8.45E-11 | 0.00 -1.00
Model :  phabs[ 1] ( bbody[ 2] )
Model Fit Mbdel Conmponent Paranmeter Unit Val ue
par par conp
1 1 1 phabs nH 10" 22 0. +/- -1.000
2 2 2 bbody kT keV 0. 8905 +/- 0.1696E-01
3 3 2 bbody nor m 2. 7859E-04 +/- 0.9268E-05
Chi - Squar ed = 113. 9542 usi ng 31 PHA bi ns.
Reduced chi -squared = 4.069792 for 28 degrees of freedom
Nul | hypot hesis probability = 2. 481E-12

Note that when more than 10 iterations are required for convergence the user is asked whether or not to
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data and folded model

s54405.pha
—— T

107*  1.5x107*

normalized counts/sec/chan

5x107°

residuals

—2x1079 2x107%100°

channels

Figure D: As for Figure C, but the model is the best-fitting ab-
sorbed black body. Note the wave-like shape of the residuals
which indicates how poor thefitis, i.e. that the continuum is obvi-
ously not ablack body.

continue at the end of each set of 10. Saying no at these prompts is a good idea if the fit is not converging
quickly. Conversely, to avoid having to keep answering the question, i.e., to increase the number of iterations
before the prompting question appears, begin the fit with, say fit 100. This command will put the fit
through 100 iterations before pausing.

Plotting the data and residuals again with

XSPEC> plot data resid

we obtain Figure D.

The black body fit is obviously not a good one. Not only is ¥* large, but the best-fitting Ny is rather
low. Inspection of the residuals confirms this: the pronounced wave-like shape isindicative of abad choice
of overall continuum (see Figure D). Let’s try thermal bremsstrahlung next:

XSPEC>nop pha(br)

Model :  phabs[ 1] ( bremss[2] )
| nput paraneter value, delta, mn, bot, top, and max val ues for ...
Current: 1 0. 001 0 0 1E+05 1E+06
phabs: nH>/ *

Model :  phabs[ 1] ( bremss[2] )

Model Fit Model Conponent Paraneter Unit Val ue

par par conp
1 1 1 phabs nH 10" 22 1. 000 + - 0.
2 2 2 brenss kT keV 7. 000 + - 0.
3 3 2 brenss norm 1. 000 + - 0.



Chi - Squar ed = 4.5311800E+07 usi ng 31 PHA bi ns.

Reduced chi -squared = 1618279. for 28 degrees of freedom
Nul | hypot hesis probability = 0.
XSPEC>T i t
Chi - Squar ed Lvl  Fit param# 1 2 3
113. 305 -3 0. 2441 6. 557 6. 8962E- 03
40. 4519 -4 0.1173 5. 816 7. 7944E- 03
36. 0549 -5 4.4750E-02 5.880 7.7201E- 03
33. 4168 -6 1. 8882E-02 5.868 7.7476E-03
32.6766 -7 7.8376E-03 5.864 7. 7495E- 03
32.3192 -8 2. 7059E-03 5.862 7. 7515E- 03
32. 1512 -9 2.3222E-04 5.861 7. 7525E- 03
32. 1471 -10 1. 0881E-04 5.861 7. 7523E-03
Vari ances and Principal axes :
1 2 3
2.29E-08 | 0.00 0.00 1.00
3.18€E-02 | 0.95 0.31 0.00
8.25E-01 | 0.31 -0.95 0.00
Model :  phabs[ 1] ( bremss[2] )
Model Fit Mobdel Conmponent Paranmeter Unit Val ue
par par conp
1 1 1 phabs nH 10" 22 1. 0881E-04 +/- 0.3290
2 2 2 brenss kT keV 5. 861 +/- 0.8651
3 3 2 brenss nor m 7.7523E-03 +/- 0.8122E-03
Chi - Squared = 32. 14705 usi ng 31 PHA bi ns.
Reduced chi -squared = 1.148109 for 28 degrees of freedom

Nul | hypot hesis probability = 0.269

Bremsstrahlung is a better fit than the black body—and is as good as the power law—although it shares
the low Ng. With two good fits, the power law and the bremsstrahlung, it’s time to scrutinize their parame-
tersin more detail.

First, we reset our fit to the powerlaw (output omitted):

XSPEC>no pha( po)

From the EXOSAT database on HEASARC, we know that the target in question, 1E1048.1-5937, has
a Galactic latitude of 24 arcmin, i.e., dmost on the plane of the Galaxy. In fact, the data base also provides
the value of the Galactic Ny based on 21-cm radio observations. At 4 x 10?2 cm~2, it is higher than the 90
percent-confidence upper limit from the power-law fit. Perhaps, then, the power-law fit is not so good after
al. What we can do is fix (freeze in XSPEC terminology) the value of Ny at the Galactic value and refit
the power law. Although we won't get a good fit, the shape of the residuals might give us a clue to what is
missing. To freeze a parameter in XSPEC, use the command f r eeze followed by the parameter number,
like this:

XSPEC> freeze 1
Nunmber of variable fit paraneters = 2

Theinverseof f r eeze ist haw:
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XSPEC> t haw 1
Nunber of variable fit paraneters = 3

Alternatively, parameters can be frozen using the newpar command, which alows al the quantities
associated with a parameter to be changed. The second quantity, del t a, is the step size used to calculate
the derivative in the fitting, and, if set to a negative number, will cause the parameter to be frozen. In our
case, we want Ny frozen at 4 x 10?2 cm~2, so we go back to the power law best fit and do the following :

XSPEC>newpar 1

Current: 0. 463 0. 001 0 0 1E+05 1E+06
phabs: nH>4, 0

Model :  phabs[ 1] ( powerl aw 2] )

Model Fit Mobdel Conmponent Paranmeter Unit Val ue
par par conp
1 1 1 phabs nH 10" 22 4,000 frozen
2 2 2 power| aw  Phol ndex 2.195 +/- 0.1287
3 3 2 powerlaw norm 1.2247E-02 +/- 0.2412E-02

2 variable fit paraneters

Chi - Squared = 829. 3545 usi ng 31 PHA bi ns.
Reduced chi -squared = 28.59843 for 29 degrees of freedom
Nul | hypot hesis probability = 0.

Note the useful trick of giving a value of zero for del t a in the newpar command. This has the
effect of changing del t a to the negative of its current value. If the parameter is free, it will be frozen,
and if frozen, thawed. The same result can be obtained by putting everything onto the command line, i.e.,
newpar 1 4, O, or by issuing thetwo commands, newpar 1 4 followed by freeze 1. Now, if we
fit and plot again, we get the following model (Fig. E).

XSPEC>T i t

Model :  phabs[ 1] ( powerl aw 2] )

Model Fit Mbdel Conmponent Paranmeter Unit Val ue
par par conp
1 1 1 phabs nH 10" 22 4,000 frozen
2 2 2 power| aw  Phol ndex 3.594 +/- 0.6867E-01
3 3 2 powerlaw norm 0.1161 +/- 0.9412E-02
Chi - Squared = 125.5134 usi ng 31 PHA bi ns.
Reduced chi -squared = 4.328048 for 29 degrees of freedom

Nul | hypot hesis probability = 5. 662E- 14
XSPEC>pl ot data resid

Thefit isnot good. In Figure E we can see why: there appears to be a surplus of softer photons, perhaps
indicating a second continuum component. To investigate this possibility we can add a component to our
model. The edi t mod command lets us do this without having to respecify the model from scratch. Here,
we'll add a black body component.
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data and folded model
s54405.pha
—

1.5x107%

normalized counts/sec/chan
107t

5x107°

5x100°

residuals
0

5 10 15 20 25 30
channels

Figure E: As for Figure C & D, but the model is the best-fitting
power law with the absorption fixed at the Galactic value. Under
the assumptions that the absorption really isthe same asthe 21-cm
value and that the continuum really is a power law, this plot pro-
vides some indication of what other components might be added
to the model to improve the fit.

XSPEC>edi t nod pha( po+bb)
Model :  phabs[ 1] ( powerl aw 2] + bbody[3] )
| nput paranmeter value, delta, min, bot, top, and nax val ues for

Current: 3 0.01 0. 0001 0.01 100 200
bbody: kT>2, 0
Current: 1 0.01 0 0 1E+24 1E+24

bbody: nornmel. e-5

Model :  phabs[ 1] ( powerl awf 2] + bbody[ 3] )
Model Fit Model Conponent Paraneter Unit Val ue

par par conp

1 1 1 phabs nH 10" 22 4. 000 frozen
2 2 2 powerl aw  Phol ndex 3.594 +/- 0.6867E-01
3 3 2 powerlaw norm 0.1161 +/- 0.9412E-02
4 4 3 bbody kT keV 2. 000 frozen
5 5 3 bbody norm 1. 0000E- 05 +/ - 0.

Chi - Squared = 122. 1538 usi ng 31 PHA bi ns.

Reduced chi -squared = 4. 362635 for 28 degrees of freedom

Nul | hypot hesis probability = 9. 963E- 14

Notice that in specifying the initial values of the black body, we have frozen KT at 2 keV (the canonical
temperature for nuclear burning on the surface of a neutron star in a low-mass X-ray binary) and started
the normalization at zero. Without these measures, the fit might “lose its way”. Now, if we fit, we get (not
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showing all the iterations this time):

Model :  phabs[ 1] ( powerl aw 2] + bbody[3] )
Model Fit Mobdel Conmponent Paranmeter Unit Val ue
par par conp

1 1 1 phabs nH 10" 22 4,000 frozen
2 2 2 power| aw  Phol ndex 4.932 +/- 0.1618
3 3 2 powerlaw norm 0.3761 +/- 0.5449E- 01
4 4 3 bbody kT keV 2. 000 frozen
5 5 3 bbody norm 2.3212E-04 +/- 0.3966E-04
Chi - Squared = 55. 63374 usi ng 31 PHA bi ns.
Reduced chi -squared = 1.986919 for 28 degrees of freedom

Nul | hypot hesis probability = 1.425E-03

Thefit is better than the one with just a power law and the fixed Galactic column, but it is still not good.
Thawing the black body temperature and fitting gives us:

XSPEC>t haw 4
Nunmber of variable fit paraneters = 4
XSPEC>T i t

Model :  phabs[ 1] ( powerl awf 2] + bbody[ 3] )
Model Fit Model Conponent Paraneter Unit Val ue

par par conp

1 1 1 phabs nH 10" 22 4. 000 frozen
2 2 2 power| aw  Phol ndex 6. 401 +/- 0.3873
3 3 2 powerlaw norm 1. 086 +/- 0.3032
4 4 3 bbody kT keV 1.199 +/- 0. 8082E-01
5 5 3 bbody norm 2. 6530E-04 +/- 0.3371E-04
Chi - Squared = 37. 21207 usi ng 31 PHA bi ns.
Reduced chi -squared = 1. 378225 for 27 degrees of freedom

Nul | hypot hesis probability = 9.118E-02

This, of course, is a better fit, but the photon index of the power law has ended up extremely and
implausibly steep. Looking at this odd model with the command

XSPEC> pl ot nopde

we see, in Figure F, that the black body and the power law have changed places, in that the power law
provides the soft photons required by the high absorption, while the black body provides the harder photons.

We could continue to search for a plausible, well-fitting model, but the data, with their limited signal-to-
noise and energy resolution, probably don’'t warrant it (the original investigators published only the power
law fit). Thereis, however, one final, useful thing to do with the data: derive an upper limit to the presence
of afluorescent iron emission line. First we delete the black body component using del conp:
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Current model
s54405.pha
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Figure F: Theresult of the command pl ot nodel in the case of
the ME datafile from 1E1048.1-5937. Here, the moddl isthe best-
fitting combination of power law, black body and fixed Galactic
absorption. The three lines show the two continuum components
(absorbed to the same degree) and their sum.

XSPEC>del conp 3
Model :  phabs[ 1] ( powerl aw 2] )

Chi - Squared = 1285. 487 usi ng 31 PHA bi ns.
Reduced chi -squared = 44, 32712 for 29 degrees of freedom
Nul | hypot hesis probability = 0.

Then we thaw Ny and refit to recover our original, best fit:

XSPEC>t haw 1

Nunmber of variable fit paraneters = 3
XSPEC>T i t

Chi - Squar ed Lvl  Fit param# 1 2 3
924. 178 -2 5. 087 5.076 0. 4056
305. 507 -2 4.525 3.791 0. 1249
140. 460 -2 2.930 3. 367 6. 5553E- 02
64. 4275 -3 0. 6068 2.244 1. 4635E- 02
30. 3738 -4 0. 4837 2.201 1. 2279E- 02
30. 1189 -5 0. 4641 2.195 1. 2258E- 02
30. 1189 -6 0. 4637 2.195 1. 2255E- 02

Variances and Principal axes :
1 2 3
4.13E-08 | 0.00 -0.01 1.00
8.69E-02 | -0.91 -0.41 -0.01
2.31E-03 | -0.41 0.91 0.01



Model :  phabs[ 1] ( powerl aw 2] )

Model Fit Model Conponent Paranmeter Unit Val ue
par par conp
1 1 1 phabs nH 10" 22 0. 4637 +/- 0.2696
2 2 2 power| aw  Phol ndex 2.195 +/- 0.1287
3 3 2 powerlaw norm 1.2255E-02 +/- 0.2412E-02
Chi - Squared = 30. 11890 usi ng 31 PHA bi ns.
Reduced chi -squared = 1. 075675 for 28 degrees of freedom

Nul | hypot hesis probability = 0.358

Now, we add a gaussian emission line of fixed energy and width:

XSPEC>edi t nod pha( po+ga)

Model :  phabs[ 1] ( powerl aw 2] + gaussian[3] )
| nput paraneter value, delta, min, bot, top, and max values for ...
Current: 6.5 0. 05 0 0 1E+06 1E+06

gaussi an: LineE>6.4 0
Current: 0.1 0. 05 0 0 10 20
gaussi an: Sigma>0.1 0
Current: 1 0.01 0 0 1E+24 1E+24

gaussi an: nornpl. e-4

Model :  phabs[ 1] ( powerl awf 2] + gaussian[3] )
Model Fit Mobdel Conponent Paranmeter Unit Val ue

par par conp

1 1 1 phabs nH 10" 22 0. 4637 +/- 0.2696
2 2 2 power| aw  Phol ndex 2.195 +/- 0.1287
3 3 2 powerlaw norm 1.2255E-02 +/- 0.2412E-02
4 4 3 gaussi an Li neE keV 6. 400 frozen
5 5 3 gaussi an Si gma keV 0. 1000 frozen
6 6 3 gaussi an norm 1. 0000E-04 +/ - 0.
Chi - Squared = 32. 75002 usi ng 31 PHA bi ns.
Reduced chi -squared = 1.212964 for 27 degrees of freedom

Nul | hypot hesis probability = 0.205

XSPEC>f i t

Model :  phabs[ 1] ( powerl aw 2] + gaussian[3] )

Model Fit Mobdel Conmponent Paranmeter Unit Val ue
par par conp
1 1 1 phabs nH 10" 22 0. 6562 +/- 0.3193
2 2 2 power|l aw  Phol ndex 2.324 +/- 0.1700
3 3 2 powerlaw norm 1.4636E-02 +/- 0.3642E-02
4 4 3 gaussi an Li neE keV 6. 400 frozen
5 5 3 gaussi an Si gna keV 0. 1000 frozen
6 6 3 gaussi an norm 9. 6462E-05 +/- 0. 9542E- 04



Chi - Squar ed = 29. 18509 usi ng 31 PHA bi ns.
Reduced chi -squared = 1. 080929 for 27 degrees of freedom
Nul | hypot hesis probability = 0.352

The energy and width have to be frozen because,in the absence of an obvious line in the data, the fit
would be completely unable to converge on meaningful values. Besides, our aim isto see how bright aline
at 6.4 keV can be and till not ruin the fit. To do this, wefit first and then use the er r or command to derive
the maximum alowable iron line normalization. We then set the normalization at this maximum value with
newpar and, finaly, derive the equivalent width using the eqwi dt h command. That is:

XSPEC>err 6
Par anet er Confi dence Range ( 2.706)
Par anet er pegged at hard limt 0.
with delta ftstat= 0. 9338
6 0 1. 530722E- 04

XSPEC>new 6 1.530722E-04
4 variable fit paranmeters
Chi - Squared = 34.91923 usi ng 31 PHA bi ns.
Reduced chi -squared = 1. 293305 for 27 degrees of freedom
Nul I hypothesis probability = 0.141
XSPEC>eqwi dth 3
Additive group equiv width for nodel 3 (gaussian): 839. eV

Things to note:

e The true minimum value of the gaussian normalization is less than zero, but the er r or command
stopped searching for a Ay? of 2.706 when the minimum value hit zero, the “hard” lower limit of
the parameter. Hard limits can be adjusted with the newpar command, and they correspond to the
quantities i n and max associated with the parameter values. In fact, according to the screen output,
the value of A2 corresponding to zero normalization is 0.934.

e The command egwi dt h takes the component number as its argument.

e The upper limit on the equivalent width of a 6.4 keV emission lineis high (839 eV)!

4.4 Simultaneous Fitting: Examples from Einstein and Ginga

XSPEC has the very useful facility of allowing models to be fitted simultaneously to more than one data
file. It is even possible to group files together and to fit different models simultaneously. Reasons for fitting
in this manner include:

e The same target is observed at several epochs but, although the source stays constant, the response
matrix has changed. When this happens, the data files cannot be added together; they have to be fitted
separately. Fitting the data files simultaneously yields tighter constraints.

e The same target is observed with different instruments. The GIS and SIS on ASCA, for example,
observe in the same direction simultaneously. As far as XSPEC is concerned, this is just like the
previous case: two data files with two responses fitted simultaneously with the same model.
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e Different targets are observed, but the user wants to fit the same model to each data file with some
parameters shared and some allowed to vary separately. For example, if you have a series of spectra
from a variable AGN, you might want to fit them simultaneously with a model that has the same,
common photon index but separately vary the normalization and absorption.

Other scenarios are possible—the important thing isto recognize the flexibility of XSPEC in thisregard.

As an example of the first case, we'll fit two spectra derived from two separate Einstein Solid State
Spectrometer (SSS) observations of the cooling-flow cluster Abell 496. Although the two observations
were carried out on consecutive days (in August 1979), the response is different, due to the variable build-
up of ice on the detector. This problem bedeviled analysis during the mission; however, it has now been
calibrated successfully and is incorporated into the response matrices associated with the spectral files in
the HEASARC archive. The SSS aso provides an example of how background correction files are used in
XSPEC.

To fit the same model with the same set of parameters to more than one datafile, simply enter the names
of the datafiles after the dat a command:

XSPEC> dat a sa496b. pha sa496c¢. pha
Net count rate (cts/s) for file 1 0.7806 +/- 9.3808E+05( 86.9% total)

usi ng response (RWF) file... sad496b. rsp
usi ng background file... sad96b. bck
using correction file... sa496b. cor
Net count rate (cts/s) for file 2 0.8002 +/- 9.3808E+05( 86. 7% total)
usi ng response (RWF) file... sad496¢. rsp
usi ng background file... sad96c. bck
using correction file... sa496c. cor
Net correction flux for file 1= 8. 4469E- 04
Net correction flux for file 2= 8. 7577E- 04

2 data sets are in use
As the messages indicate, XSPEC also has read in the associated:
e response files (sa496b. rsp & sa496¢. r sp),

e background files (sa496b. bck & sa496¢. bck) and

e correction files (sa496b. cor & sa496¢. cor).

These files are dl listed in the headers of the datafiles (sa496b. pha & sa496c¢. pha).

To ignore channels, the file number (1 & 2 inthis example) precedes the range of channelsto beignored.
Here, wewish toignore, for both files, channels 1-15 and channels 100-128. This can be done by specifying
the files one after the other with the range of ignored channels:

XSPEC> ignore 1:1-15 1:100-128 2:1-15 2:100-128

Chi - Squared = 1933. 559 usi ng 168 PHA bi ns.
Reduced chi -squared = 11. 79000 for 164 degrees of freedom
Nul | hypot hesis probability = 0.

or by specifying the range of file number with the channel range:

XSPEC> ignore 1-2:1-15 100-128



In this example, we'll fit a cooling-flow model under the reasonable assumption that the small SSS
field of view sees mostly just the cool gas in the middle of the cluster. We'll freeze the values of the
maximum temperature (the temperature from which the gas cools) and of the abundance to the values found
by instruments such as the Ginga LAC and the EXOSAT ME, which observed the entire cluster. The
minimum gas temperature is frozen at 0.1 keV; the “dope’ is frozen at zero (isobaric cooling) and the
normalization is given an initial value of 100 solar masses per year:

XSPEC>np pha(cfl ow)
Model :  phabs[ 1] ( cflow 2] )
| nput paraneter value, delta, mn, bot, top, and nmax val ues for

Current: 1 0. 001 0 0 1E+05 1E+06
phabs: nH>0. 045

Current: 0 0.01 -5 -5 5 5
cfl ow sl ope>0, 0

Current: 0.1 0. 001 0. 0808 0. 0808 79.9 79.9
cflow | owl>0.1,0

Current: 4 0. 001 0. 0808 0. 0808 79.9 79.9
cfl ow hi ghT>4,0

Current: 1 0.01 0 0 5 5
cfl ow. Abundanc>0.5, 0

Current: 0 -0.1 0 0 100 100
cfl ow. Redshi ft>0.032

Current: 1 0.01 0 0 1E+24 1E+24

cfl ow. nor n>100

Model :  phabs[ 1] ( cflow 2] )
Model Fit Mobdel Conmponent Paranmeter Unit Val ue

par par conp

1 1 1 phabs nH 10" 22 4. 5000E- 02 +/ - 0.
2 2 2 cfl ow sl ope 0. frozen
3 3 2 cfl ow | owT keV 0. 1000 frozen
4 4 2 cfl ow hi ghT keV 4. 000 frozen
5 5 2 cfl ow Abundanc 0. 5000 frozen
6 6 2 cfl ow Redshi ft 3. 2000E-02 frozen
7 7 2 cfl ow norm 100.0 + - 0.
Chi - Squar ed = 2740. 606 usi ng 168 PHA bi ns.
Reduced chi -squared = 16. 50968 for 166 degrees | og none
m
Nul | hypot hesis probability = 0.
XSPEC>T i t
Chi - Squar ed Lvl  Fit param# 1 2 3 4
5 6 7
414. 248 -3 0. 2050 0. 0. 1000 4.000
0. 5000 3.2000E-02  288.5
373. 205 -4 0. 2508 0. 0. 1000 4. 000
0. 5000 3.2000E-02 321.9
372. 649 -5 0. 2566 0. 0. 1000 4.000
0. 5000 3.2000E-02 325.9
372. 640 -6 0. 2574 0. 0. 1000 4.000
0. 5000 3.2000E-02 326.3



Variances and Principal axes :
1 7

3.55E-05 | -1.00 0.00

3.52E+01 | 0.00 -1.00

Model :  phabs[1] ( cflow 2] )
Model Fit Model Conponent Paraneter Unit Val ue

par par conp

1 1 1 phabs nH 10" 22 0. 2574 +/- 0.9219E-02
2 2 2 cfl ow sl ope 0. frozen
3 3 2 cfl ow | owT keV 0. 1000 frozen
4 4 2 cfl ow hi ghT keV 4. 000 frozen
5 5 2 cfl ow Abundanc 0. 5000 frozen
6 6 2 cfl ow Redshi ft 3. 2000E- 02 frozen
7 7 2 cfl ow norm 326. 3 + - 5.929
Chi - Squared = 372. 6400 usi ng 168 PHA bi ns.
Reduced chi -squared = 2.244819 for 166 degrees of freedom

Nul | hypot hesis probability = 6.535E-18

Aswe can see, x? ishot good, but the high statistic could be because we have yet to adjust the correction
file. Correction filesin XSPEC take into account detector features that cannot be completely prescribed ab
initio and which must be fitted at the same time as the model. Einstein SSS spectra, for example, have a
background feature the level of which varies unpredictably. Its spectral form is contained in the correc-
tion file, but its normalization is determined by fitting. This fitting is set in motion using the command
r ecor nr m(reset the correction-file normalization):

XSPEC>reco 1

File # Correction
1 0.4118 +/- 0.0673
After correction normadjustnent 0.412 +/- 0.067
Chi - Squared = 335. 1577 usi ng 168 PHA bi ns.
Reduced chi -squared = 2.019022 for 166 degrees of freedom

Nul | hypot hesis probability = 1.650E-13
XSPEC>reco 2

File # Correction
2 0.4864 +/- 0.0597
After correction normadjustnent 0.486 +/- 0.060
Chi - Squared = 268. 8205 usi ng 168 PHA bi ns.
Reduced chi -squared = 1. 619400 for 166 degrees of freedom

Nul | hypot hesis probability = 7.552E-07

This processisiterative, and, in order to work, must be used in tandem with fitting the model. Successive
fits and recorrections are applied until thefit is stable, i.e., until further improvement in »? no longer results.
Of course, this procedure is only worthwhile when the model gives areasonably good account of the data.
Eventually, we end up at:

XSPECST i t
Chi - Squar ed Lvl Fit param# 1 2 3 4
5 6 7
224. 887 -3 0. 2804 0. 0. 1000 4.000

36



0. 5000 3.2000E-02 313.0

224.792 -4 0. 2835 0. 0. 1000 4.000
0. 5000 3. 2000E- 02 314.5

224. 791 -5 0. 2837 0. 0. 1000 4. 000
0. 5000 3. 2000E- 02 314.6

Variances and Principal axes :
1 7

4.64E-05 | -1.00 0.00

3.78E+01 | 0.00 -1.00

Model :  phabs[ 1] ( cflow 2] )

Model Fit Model Conponent Paraneter Unit Val ue
par par conp
1 1 1 phabs nH 10" 22 0. 2837 +/- 0.1051E-01
2 2 2 cfl ow sl ope 0. frozen
3 3 2 cfl ow | owT keV 0. 1000 frozen
4 4 2 cfl ow hi ghT keV 4. 000 frozen
5 5 2 cfl ow Abundanc 0. 5000 frozen
6 6 2 cfl ow Redshi ft 3. 2000E-02 frozen
7 7 2 cfl ow norm 314.6 +/ - 6. 147
Chi - Squared = 224.7912 usi ng 168 PHA bi ns.
Reduced chi -squared = 1. 354164 for 166 degrees of freedom

Nul | hypot hesis probability = 1.616E-03

The final value of x? is much better than the original, but is not quite acceptable. However, the current
model has only two free parameters: further explorations of parameter space would undoubtedly improve
the fit.

WEe'll leave this example and move on to look at another kind of simultaneous fitting: one where the
same model is fitted to two different data files. This time, not al the parameters will be identical. The
massive X-ray binary Centaurus X-3 was observed with the LAC on Gingain 1989. Its flux level before
eclipse was much lower than the level after eclipse. Here, we'll use XSPEC to see whether spectra from
these two phases can be fitted with the same model, which differs only in the amount of absorption. This
kind of fitting relies on introducing an extra dimension, the group, to the indexing of the data files. The files
in each group share the same model but not necessarily the same parameter values, which may be shared as
common to all the groups or varied separately from group to group. Although each group may contain more
than one file, there is only one file in each of the two groups in this example. Groups are specified with the
dat a command, with the group number preceding the file number, like this:

XSPEC> da 1:1 | osum 2:2 hisum
Net count rate (cts/s) for file 1 140. 1 +/- 0.3549

usi ng response (RWF) file... ginga_lac.rsp
Net count rate (cts/s) for file 2 1371. + - 3.